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RELEVANT SEGMENTS OF DNA 
April 25, 2014 
Carman Polsinelli 
 
Abstract 
 
 Biologically relevant short sequences of DNA have previously been shown to possess 
high affinity and specificity for binding of small polyamide structures to their minor groove. 
These structures, or minor groove binders, have the potential to control access to specific 
regulatory regions of DNA. Before modeling the binding of these polyamides to the DNA, the 
small segments of DNA must be characterized for better understanding of the impact the minor 
groove binder will have on the structure of the DNA. The method for such a characterization is 
a molecular dynamics computer simulation including the solvent effects for a length of 50 ns. 
The three DNA segments to be characterized include 5’-ATGCAA-3’, 5’-TAGCTA-3’, and 5’-
TACGAT-3’. All three segments were characterized by the slide, twist, and roll helical 
parameters, the zeta-epsilon backbone angles, and the alpha-gamma backbone angles. The 
results of the characterization indicate that the molecular dynamics simulation was stable and 
successful.  
 
Introduction 
 
Method  
 
A molecular dynamics (MD) simulation is a computational tool that allows for the 
modeling of the detailed movements of various systems, including solids, liquids, gases, and 
surfaces.
1
 A MD simulation uses Newton’s classical equations of motion to produce a 
representation of the dynamical behavior.
1 
In order to produce a picture of the behavior of the 
system from the laws of classical mechanics, the MD simulations require a description of all the 
atoms involved in the system, their connectivity, their initial positions, and a description of the 
interparticle interactions.
1 
The interparticle interactions are usually described using a force 
field. Molecular Dynamics simulations have long been used as a tool to characterize DNA, such 
as the work done by the Ascona B-DNA Cosortium.
2
 
 
Biological Significance  
 
 Molecular dynamics simulations will be used to describe the structural and dynamic 
behavior of three separate segments of DNA: 5’-ATGCAA-3’, 5’-TAGCTA-3’, and 5’-TACGAT-3’. 
Each of these segments are biologically relevant segments of DNA in the area of cancer 
research. The first two segments, 5’-ATGCAA-3’ and 5’-TAGCTA-3’, are cis acting elements or 
binding sites for regulatory proteins for the EGFR pathway. One possible consequence of the 
EGFR pathway activation is STAT3 phosphorylation, which leads to increased cell survival and 
proliferation. When the EGFR pathway is not properly regulated, it can lead to cancer formation 
or proliferation.
3,4
 Thus, these two segments of DNA are potential targets for chemoprevention 
and chemotherapy because inhibiting the EGRF pathway could potential
cell survival and proliferation.
3,4
 
the topoisomerase IIα gene in humans.
associated with cancer cells being sensitive to existing chemotherapy drugs.
become confluent, the gene that expresses topoisomerase IIα is i
cancer cells’ sensitivity to chemotherapy drugs decreases.
sequence of DNA would be important in keeping the cancer cells sensitive to chemotherapy 
agents.     
 
Minor Groove Binders  
 
 Targeting DNA to control gene expression could theoretically solve many health 
afflictions including cancer. In order to target the DNA, small molecules need to be designed 
that can interact with the double helix with high affinity and specificity.
small molecules, called minor groove binders, are modeled after the naturally occurring 
substances netropsin and distamycin A.
repeating pyrrole or imidazole units, see figure 1. These minor groove b
so that they are capable of binding to predetermined sequences of DNA. 
 
Figure 1: Shown is the basic structure of a minor groove binder. The X and Y can either be carbon
making pyrrole units that can bind to adenosine or thymidine, or X and Y can be nitrogen atoms making 
imidazole units that can bind to cytosine or guanine.
 These synthetic oligomers are capable of binding to pre
with affinity and selectivity comparable to DNA
  
 Eventually minor groove binders will be designed to match the above sequences of DNA, 
however the DNA alone must be 
DNA is important because it develops a picture of why these specific segments are good targets 
2 
ly decrease
The third sequence, 5’-TACGAT-3’, is a cis acting element
5
 High levels of topoisomerase II gene expression are 
5 
When cancer cells 
nhibited, and, as a result the 
6
  Thus, controlling access
7
 One class o
7
 These molecules are crescent shaped and contain 
inders can be modified 
 
7
 The molecule can also be extended to account for 
additional pyrroles or imidazoles.  
 
-determined DNA sequences 
-binding proteins.
7
 
studied. Understanding the structural characteristics of the 
 
 unwanted 
 for 
 to this 
f these 
 
 atoms 
for minor groove binders and provides a baseline for later comparison of the DNA segments 
interacting with the minor groove binders. 
 
Structural Parameters  
 
The DNA can be characterized by a variety of different
backbone dihedral angles, see figure 2
measurements. Most of the torsion angles describe how the bonds between the atoms that 
compose the backbone of the DNA bend and stretch to define a base’s conformation in a 
sequence of nucleotides.  
 
Figure 2
7
: Illustrates both the backbone torsion angles (α, β, γ, δ, ε and ζ)
and the glycosidic (χ) torsion angle.
 
Together, the zeta (ζ) and epsilon (ε) describe whether the base is in
figure 3. BI and BII states are different structural energy states that are correlated with the 
minor groove either being narrow or wide. 
 
 
Figure 3
9
: These structurally correlated torsion angles define two conformations, a lower energy BI state 
with the difference of ζ from ε around 
around +90°.
10 
In the BI state the phosphate is in a roughly symmetric position with respect to both 
grooves, while in the BII s
3 
 
 structural parameters including 
, helical parameters, and groove depth and width 
 
 
 a BI or BII state, see 
 
-90° and a higher energy BII state with the same difference 
tate the phosphate faces towards the minor groove.
  
 
  
 
11 
When DNA interacts with proteins, the canonical B
undergoes various conformational changes which can contribute to the specific recognition of 
DNA by proteins.
10
 The DNA’s tendency to undergo BI
sequence dependent.
9
 When the DNA exhibits an increase in the number of BII states, the 
major groove narrows and the minor groove broadens, which increases the likelihood of 
binding.
9
 Because of the importance of BI
ε angles will be characterized for the DNA strands being studied. 
angles are important for the description of the low twist conformations that may be important 
during the recognition of DNA by proteins.
configuration it is in, see figure 4
field, the most densely populated region corresponds to the g
instances of samples in moth the g
Figure 4
12
: Torsion angles are defined using the four surrounding atoms around the bond being 
described, two on each side. In the above figure the atoms are labeled A, B, C and D. If the torsion angle 
is zero, it means all four atoms lie in the same plane. The torsion angle would be 0
be in a cis configuration. If atom D were to be ro
positive angle would result. If atom D were to be rotated away from the viewer and away from the plane 
a negative angle would result. Finally, if the D were to be rotated in either direction, toward or awa
from the viewer, so that it returned to the plane the other atoms reside in, it would have an angle of 
180
 
4 
-form of the DNA double helix 
BII backbone transitions is highly 
BII transitions in the minor groove shape, the ζ and 
The alpha (α) and gamma (
10
 The magnitude of each angle describes which 
. In molecular dynamics simulations under an AMBER force 
–/g
+
 ground state, with a few 
+
/t and g–/t.
8
 
 
˚ or the bond would 
tated towards the viewer and away from the plane a 
˚or have a trans bond configuration.   
 
γ) 
 
y 
5 
 
 Thus, the values of both α and γ angles can be used to determine if the DNA is in the 
canonical B-DNA form, where α/γ: g–/g+ or alternative conformations observed in A-DNA and 
RNA.
9
 However, it has been shown that α and γ angles in B-DNA crystals favor almost 
exclusively the canonical g–/g
+
 conformation.
10
 Thus, a presence of mostly g–/g
+ 
conformation 
would indicate the MD simulation is in agreement with the crystallographic data.  
 
 Slide, twist, and roll are derived parameters that can be used to analyze the molecular 
structure of DNA, see figure 5.
3
 For each time step in the simulation, these parameters can be 
determined but often averages and standard deviations of these base pair step parameters are 
reported and compared. In addition to giving structural information about the structure of the 
DNA, a few of these helical parameters are connected with other changes in the conformation 
of the DNA. For example, existence of the BII state causes large twist values and negative roll 
values.
10
 In figure 5, this would corresponding to the opening motion of the base pairs lessening 
as shown in the roll diagram. The large twist values would result from a large displacement 
from the bases being stacked on top of each other in their normal configuration, shown in the 
twist diagram of figure 5.  
 
 
Figure 5
3
: Shown are the slide, twist, and roll step movements. Measurements indicate a relative 
deviation in magnitude from a standard position. Together these movements give a good indication of 
the overall motion of the DNA segment.  
 
 A study of these specific parameters and characteristics of the DNA molecules will 
enable the determination of what parameters make these sequences suitable for minor groove 
binders. In addition, this research will serve as a basis for comparison of the effects of docking 
the specific minor groove binders to their corresponding sequences.  
     
Procedure 
 
 The initial information required to begin a molecular dynamics simulation includes the 
relative position of all the atoms, the connectivity of the atoms, and any charges associated 
with the atoms. This information was constructed using a program called 3DNA
13
. After the 
DNA segments were constructed, TIP3P water molecules were added, followed by sodium and 
chloride ions to produce an environment of about 0.15 M NaCl beyond the sodium ions 
required to achieve electronic neutrality. The system was confined to a truncated octahedron 
box with periodic boundary conditions. Each system contained about 5000 water molecules 
6 
 
and about 15500 total atoms. All system preparation and MD simulations were performed 
using the AMBER 12
14
 software suite with the parmbsc0 force field
15
 modifications.  All 
production runs were carried out using GPU-accelerated AMBER 12
16 
on an NVIDIA Tesla 
Personal Supercomputer.  Trajectory snapshots were recorded every 2 ps for post-simulation 
analysis. The system was first equilibrated for simulation using the Shields technique
1
. The time 
of the total molecular dynamics simulations was broken into smaller time frames, called 
production runs, so that the data could be analyzed before the time scale was completed. The 
total length of each MD simulation was 50 ns because previous research has shown that 
simulations longer than 50 ns using TIP3P water did not cause any significant effects on the 
conformation parameters of the DNA that was characterized.
17
 
 
 After all simulations were performed, the trajectories were analyzed using Curves+ and 
Canal.
18
 The information gathered using Curves+ and Canal was then transferred to Excel for 
further processing.  
 
Results 
 
 Slide, twist, and roll parameters are all reported as averages with standard deviations 
for each base pair step over time, see table 1 for slide results, table 2 for twist results, and table 
3 for roll results.  
 
Table 1: Slide Results in Angstrom  
 
 
 The sequence AT repeats twice within the three segments of DNA studied, the two 
instances of repetition were in close agreement with each other. The first instance had a slide 
value of -0.77 ± 0.40 and the second had a slide value of -0.84 ± 0.40. The sequence TA 
repeated three times over the sequences of DNA being studied which gave slide values of -0.36 
± 0.69, -0.32 ± 0.73, and -0.37 ± 0.71. All three values were in close agreement with each other. 
The last repeating sequence was GC with slide values of -0.66 ± 0.58 and -1.01 ± 0.53. Although 
these values were not as similar to each other and the previous two repeating sequences, they 
still fell within each other’s standard deviations.  
                                                          
1
 The equilibration of the system consists of the following consecutive steps (i) 10 ps MD (T = 100 K) of water, (ii) 
minimize water, (iii) minimize all system, (iv) 10 ps MD (T = 100 K) of system with restrains in DNA (K = 100 kcal 
mol
-1
 Å-1), (v) as iv but T = 300 K, (vi) 25 ps MD (T = 300 K) of system with restraints in DNA (K = 50 kcal mol-1 Å-1), 
(vii) as vi but K = 25 kcal mol
-1
 Å-1, (viii) as vii but K = 10 kcal mol-1 Å-1, (ix) as viii but K = 5 kcal mol-1 Å-1, (x) as vii but 
K = 0.2 kcal mol
-1
 Å-1. The final system was the starting point for 1.0 ns of unrestrained MD simulation (T = 300 K).  
 
7 
 
 
 
 
Table 2: Twist Results in Angstrom  
 
 
 The twist values also shared the same trends as noticed with the slide values, except the 
repeating GC sequences had values in closer agreement with values of 33.3 ± 4.6 and 33.5 ± 4.4. 
In addition the repeating AT sequence had twist values of 30.1 ± 3.6 and 30.0 ± 3.6 that are very 
similar in average and standard deviation. Lastly, the sequence TA repeated three times over 
the sequences of DNA being studied which gave twist values of 30.3 ± 6.7, 29.0 ± 6.4, and 29.4 ± 
6.0. All three values were in close agreement with each other.  
 
Table 3: Roll Results in Angstrom  
 
 
 The roll values that are of importance to note are the negative or close to zero values 
because negative roll values are associated with the presence of BII states. In the three 
segments of DNA there are five base pairs that had negative roll values or roll values very close 
to zero. The first two instances occurred in the 5’-ATGCAA-3’ sequence including the AT base 
pair step with a roll value of -0.04 ± 4.9 and the GC base pair step with a roll value of 0.6 ± 5.9. 
The third occurrence was in the 5’-TAGCTA-3’ at the GC base pair step with a roll value of 0.3 ± 
5.4. The last two instances of negative or close to zero roll values were present in the last DNA 
sequence 5’-TACGAT-3’ with the AC base pair step that had a roll value of 0.82 ± 6.2 and the AT 
base pair step with a roll value of 0.38 ± 4.9. In addition, the standard deviation of many of the 
other base pair steps would include negative values.  
 
 The results of the zeta-epsilon angles are best reported as a percent of BII states 
present, since these angles can be directly correlated to whether the base is in the BI state or 
the BII state, see table 4 for results. The percent BII state is chosen because of its greater 
significance to this research. The presence of a BII state indicates a wider minor groove, which 
is preferential to enable the binding of a minor groove binder.  
8 
 
 
 
 
Table 4: Fraction of BII States in Percent  
 
 
 The important instances to note in the above table are the instances where the percent 
BII state present is around 15-20 percent. There are only two instances where the percent BII 
present falls in this exact range: the sixth base in the Crick strand of the 5’-TACGTA-3’ strand, 
value of 18.6%, and the fifth base of the Watson strand of the 5’-TACGAT-3’ strand, value of 
16.4% However, many of the other bases demonstrate values near this 15 to 20% target range.  
 
The final structural parameter studied was the alpha-gamma angle relationship. This 
parameter was studied by plotting the alpha angle in degrees versus the gamma angle in 
degrees, with various boxes highlighting the g-/g+ energy state, the g-/t energy state, the t/t 
energy state and the g+/t energy state. The vast majority of the bases remained in the g-/g+ 
ground energy state throughout the duration of the trajectory. However, five bases throughout 
both strands of three sequences showed a base spending time in one or two of the other 
energy states for part of the trajectory, see Appendix A: Alpha-Gamma for a summary of all 
graphs. The first base spending time in the ground g-/g+ energy state and another energy state 
occurred at the sixth base of the 5’-ATGCAA-3’ sequence on both the Watson, see chart 1. The 
base spent time in both the g-/g+ ground energy state and the g-/t energy state, although it 
appears to be a very small amount of the total trajectory. 
 
 
 
 
 
 
 
 
 
 
 
Chart 1: Sixth base of Watson strand of 
 
 The sixth base of the Crick strand of the same 5’
a non-ground energy state, but this base spen
base in the Crick strand of the 5’
spending part of the trajectory in the
 
Chart 2: Sixth base of Crick strand of 
9 
5’-ATGCAA-3’ sequence 
-ATGCAA-3’ sequence also spent time in 
t time in the t/t energy state, see chart 2
-TAGCTA-3’ sequence showed the same pattern with the base 
 t/t energy state. 
5’-ATGCAA-3’ sequence
 
 
 
. The last 
 
 
  
The fifth base of the Crick strand of
spending time in the g-/g+ ground energy state, but also has instances in both the t/t energy 
state and the g+/t energy state, see 
the Watson strand of the 5’-TACGAT
 
Chart 3: Fifth base of Crick strand of 
 
Discussion 
 
 The slide, twist as roll values for the base pair steps can be compared to literature 
values from previous molecular dynamics simulations performed on a 50 nanosecond to 100 
nanosecond time frame. Although a comparison can be made to literature values, not
pair steps have been previously reported, see table 5 for a collection of all 
 
10 
 5’-TAGCTA-3’ sequence showed the base not only 
Chart 3. This same pattern occurred for the fourth base of 
-3’ sequence.  
5’-TAGCTA-3’ sequence
slide 
 
 
 
 
 
 
 
 
 
 
 
 
 all base 
results.  
11 
 
Table 5: Experimental and Literature Results for Slide in Angstrom  
 
 
 As stated earlier, the three repeating base pair steps all show slide values in agreement 
with each other. In addition, the experimental slide values are also similar to the literature 
reference values. These two facts indicate that the molecular dynamics simulation was stable. 
Also, Lavery et al. reported that throughout all of their molecular dynamics simulations the 
standard deviations for all slide values was 0.68 which is in agreement with all of the 
experimental standard deviations reported.
17
 The twist results with a comparison to literature 
values are reported in table 6.  
 
Table 6: Experimental and Literature Results for Twist in Angstrom  
 
 
 Again, the three repeating base pair steps have twist values that are similar to each 
other. Also, the literature values for the selected base pair steps are in agreement with the 
experimentally determined values. Also, the standard deviations reported for the experimental 
values are of similar size to the reported standard deviation of 7.3 that Lavery et al. reported 
for their numerous molecular dynamics simulations. Finally, the roll results with a comparison 
to literature values are reported in table 7.  
 
 
 
 
 
 
Slide	
5’-ATGCAA-3’ AT TG GC CA AA
Experimental -0.77	±	0.40 -0.47	±	0.64 -0.66	±	0.58 -0.30	±	0.64 -0.40	±	0.64
Literature16 -0.82	±	0.43 -0.21	±	0.60 -0.45	±	0.58 -0.35	±	0.62
5’-TAGCTA-3’ TA AG GC CT TA
Experimental -0.36	±	0.69 -0.81	±	0.68 -1.01	±	0.53 -0.82	±	0.64 -0.37	±	0.71
Literature16 -0.29	±	0.71 -0.54	±	0.65 -0.45	±	0.58 -0.29	±	0.71
5’-TACGAT-3’ TA AC CG GA AT
Experimental -0.32	±	0.73 -0.70	±	0.49 -0.28	±	0.67 -0.61	±	0.71 -0.84	±	0.40
Literature16 -0.29	±	0.71 -0.09	±	0.55 -0.14	±	0.71 -0.82	±	0.43
Base	Pair	Step
S
e
g
m
e
n
t
Twist
5’-ATGCAA-3’ AT TG GC CA AA
Experimental 30.1	±	3.6 32.9	±	5.3 33.3	±	4.6 28.0	±	6.7 33.1	±	5.7
Literature16 30.	±	4.2 28.1	±	9.0 35.6	±	5.1 35.3	±	5.5
5’-TAGCTA-3’ TA AG GC CT TA
Experimental 29.0	±	6.4 32.0	±	5.7 33.5	±	4.4 31.6	±	5.6 29.4	±	6.0
Literature16 29.2	±	8.4 33.6	±	6.0 35.6	±	5.1 29.2	±	8.4
5’-TACGAT-3’ TA AC CG GA AT
Experimental 30.3	±	6.7 29.7	±	4.7 33.9	±	6.4 33.4	±	5.6 30.0	±	3.6
Literature16 29.2	±	8.4 28.5	±	9.9 36.7	±	6.2 30.	±	4.2
Base	Pair	Step
S
e
g
m
e
n
t
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Table 7: Experimental and Literature Results for Roll in Angstrom  
 
 
  The roll values also show the same trend of having similar values for the repeating 
sequences and having experimental values in agreement with the literature reference values. 
Again, this indicates the molecular dynamics simulation was stable.  
 
 The next parameter to discuss is the fraction of BII states for each base as determined 
by the zeta and epsilon angles. Solution based NMR studies and X-ray structure studies of the 
Dickerson-Drew dodecamer (5’-CGCGAATTCGCG-3’) indicate that the fraction of BII states 
should be around 20%.
19
 However, the presence of BII states is also highly dependent on the 
flanking bases which can influence the fraction of BII states to fluctuate as much as an 
additional 30%.
17
 In addition, the parmbsc0 force field has been reported to produce low BII 
percentages in both the Watson and Crick strand in comparison to NMR data.
17
 This is of 
significance because the force field used in these molecular dynamics simulations was the 
parmbsc0 force field. The results of the fraction of BII states present indicated that 27 of the 36 
bases studied were below 15% BII present.  Thus, the force field could be the cause for the low 
fraction of BII states.  
 
 As stated earlier, the vast majority of the bases studied, specifically 31 of the 36, spent 
their time almost exclusively in the g-/g+ ground state. Analysis of DNA in crystal structures 
show that B-DNA is almost found exclusively in the g-/g+ conformation.
10
 In addition, minima 
were found in the t/t, t/g+, and g+/t energy states using ab initio calcultions.
10
 Thus, this could 
explain four of the five instance of the bases not being in the ground g-/g+ energy state. 
However, the parmbsc0 force field has produced less than 1% instances of non-canonical sub-
states which may account for the very small amount of instance the sixth base of the 5’-
ATGCAA-3’ sequence was in the g-/t energy state.  
 
Conclusions 
 
 This molecular dynamics study of these three segments of DNA provided much in the 
way of establishing the base characteristics of the DNA alone to be further compared to the 
sequences bound to their specific minor groove binders. In addition, analysis of the slide, twist, 
and roll parameters in comparison to both repeating base pair steps and literature values 
indicated the stability of the simulation. Examination of the zeta epsilon backbone angles, 
Roll
5’-ATGCAA-3’ AT TG GC CA AA
Experimental -0.04	±	4.9 10.2	±	6.2 0.6	±	5.9 11.5	±	6.1 1.0	±	6.1
Literature16 -0.05	±	5.1 10.3	±	6.3 -1.20	±	5.8 0.2	±	5.6
5’-TAGCTA-3’ TA AG GC CT TA
Experimental 9.9	±	7.2 2.1	±	5.7 0.3	±	5.4 2.3	±	5.7 10.4	±	7.2
Literature16 10.0	±	7.4 3.1	±	5.9 -1.20	±	5.8 10.0	±	7.4
5’-TACGAT-3’ TA AC CG GA AT
Experimental 9.3	±	7.4 0.82	±	6.2 10.5	±	6.7 3.0	±	6.1 0.38	±	4.9
Literature16 10.0	±	7.4 9.3	±	6.0 1.7	±	5.9 -0.04	±	4.9
Base	Pair	Step
S
e
g
m
e
n
t
13 
 
reported as a fraction of BII states present, indicates that only a few of the bases fall within the 
target region of 15-20% present. However, the force field and flanking base sequences could be 
the reason for these effects. Thus, further modification of the force field parameters could lead 
to molecular dynamics simulations being in closer agreement to solution based NMR studies 
and x-ray structure studies. Finally, the results of the alpha gamma backbone angles indicate 
that for the majority of the trajectory all of the bases were in the ground g-/g+ energy state, 
with a few exceptions. However, these exceptions are noted as probable conformations 
through ab initio calculations and fluctuations associated with the force field. In conclusion, 
these three segments of DNA 5’-ATGCAA-3’, 5’-TAGCTA-3’, and 5’-TACGAT-3’ were successfully 
characterized through use of a molecular dynamics simulation.  
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